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Cytolethal distending toxin (CDT) from the diarrheagenic bacterium Campylobacter jejuni was shown to
cause a rapid and specific cell cycle arrest in HeLa and Caco-2 cells. Within 24 h of treatment, CDT caused
HeLa cells to arrest with a 4V DNA content, indicative of cells in G, or early M phase. Immunofluorescence
studies indicated that the arrested cells had not entered M phase, since no evidence of tubulin reorganization
or chromatin condensation was visible. CDT treatment was also shown to cause HeLa cells to accumulate the
inactive, tyrosine-phosphorylated form of CDC2. These results indicated that CDT treatment results in a
failure to activate CDC2, which leads to cell cycle arrest in G,. This mechanism of action is novel for a bacterial
toxin and provides a model for the generation of diarrheal disease by C. jejuni and other diarrheagenic bacteria

that produce CDT.

Campylobacter jejuni is the most common bacterial cause of
diarrheal disease in humans in the United States (33). In 1988
Johnson and Lior (13) reported that C. jejuni makes an un-
usual toxin, which they named cytolethal distending toxin
(CDT). CDT causes certain cultured cells, including HeLa
cells, to become slowly distended and then die (11-13). In
addition to being produced by C. jejuni strains, CDT is made by
other diarrheagenic bacterial species, including closely related
Campylobacter spp., such as C. coli and C. fetus (13, 29), as well
as by some Escherichia coli (12) and Shigella spp. (11) isolates.
The CDT produced by Shigella dysenteriae was recently shown
to cause diarrheal symptoms in a suckling mouse model (23).
Recently, CDT was reported to be made by the nondiarrhea-
genic pathogen Haemophilus ducreyi (6). The specific contri-
bution of CDT to H. ducreyi disease has not yet been deter-
mined.

The cdt genes have been cloned and sequenced from E. coli
(25, 28, 31), S. dysenteriae (24), H. ducreyi (6), and C. jejuni
(29). CDT production has been shown to depend upon the
expression of three adjacent genes, cdtA, cdtB, and cdtC, and
expression of the cdt genes in nontoxic E. coli strains indicates
that the three genes are sufficient for CDT production (23, 28,
29). The biochemical function of the individual Cdt proteins is
not known. The predicted amino acid sequences of CdtA,
CdtB, and CdtC are not homologous to other, non-CDT se-
quences, indicating that CDT is novel.

Aragon et al. (2) recently reported that E. coli CDT blocked
proliferation of Chinese hamster ovary cells, and Péres et al.
(25) recently reported on DNA content experiments that
showed that E. coli CDT causes HeLa cells to become blocked
in G,/M. We report here on experiments which indicate that C.
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jejuni CDT causes HeLa cells to accumulate the inactive, phos-
phorylated form of CDC2 and thus to become rapidly and
irreversibly blocked in the G, phase of the cell cycle.

(This research was presented in part at the 97th General
Meeting of the American Society for Microbiology, Miami
Beach, Fla., May 1997 [27].)

MATERIALS AND METHODS

Bacterial strains, media, and cell culture. C. jejuni 81-176 was isolated from a
human with diarrheal disease and has been described previously (4, 15). C. jejuni
was routinely grown on brucella agar in a microaerobic atmosphere consisting of
5% 0O,, 10% CO,, and 85% N, at 42°C for 24 h. When necessary, kanamycin or
chloramphenicol was added to the medium to a final concentration of 30 or 20
ug per ml, respectively. E. coli DH5aMCR (Gibco/BRL, Gaithersburg, Md.) was
grown in L medium (22) at 37°C. When necessary, L medium was supplemented
with ampicillin to a final concentration of 50 ug per ml. HeLa cells were grown
as described previously (29) in Eagle’s minimal essential medium (EMEM)
supplemented with 10% fetal bovine serum. Caco-2 cells were grown in RPMI
1640 supplemented with 10% fetal bovine serum, 25 mM HEPES, and 2 mM
glutamine.

Isolation of a C. jejuni 81-176 cdt mutant. A derivative of C. jejuni 81-176 that
has the DNA between nucleotide 56 of cdt4 and nucleotide 155 of cdtC deleted
(29) was constructed. A kanamycin resistance gene capable of expression in C.
Jejuni was inserted into the site of the deletion. Actual construction of the mutant
was carried out in a manner analogous to that described by Miller et al. (21) for
construction of a C. jejuni flhA mutant. Briefly, a plasmid containing all three C.
Jejuni cdt genes was cut with Nsil and Bcll, generating the desired deletion, into
which was inserted the kanamycin resistance gene. After further insertion of an
oriT region (16) into this plasmid at an Scal site which is outside of the cdf genes,
the plasmid was mobilized into C. jejuni via conjugation (21). These kanamycin-
resistant conjugants are isolates in which recombination has occurred in the
chromosome, since the plasmid cannot replicate in C. jejuni. A putative mutant
was shown in Southern hybridization and PCR experiments to be the result of a
double-cross-over recombination event so that it contained the version of the cdt
locus with the expected deletion and no wild-type copies of the cdt genes. The
inability of the mutant to make active CDT was verified in a HeLa cell assay.
Western blots of extracts from the mutant confirmed that no Cdt proteins were
made by this strain (26).

In addition, we were able to complement the mutation with a specially con-
structed clone which carried only the C. jejuni cdt genes. A 2.4-kb region of DNA
encompassing the cdt genes, 206 bp of upstream DNA, and 106 bp of down-
stream DNA was amplified in a PCR, and the resulting product was inserted into
pUOAI18 (36). Plasmid pUOAI1S8 carries a chloramphenicol resistance gene
which is expressed in C. jejuni and E. coli, an oriT region, and genes for repli-
cation functions for both C. jejuni and E. coli hosts. Subsequent to verification of
production of active CDT, the construct was mobilized into the C. jejuni 81-176
cdt mutant in a manner analogous to that described above for construction of the
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mutant, except that both chloramphenicol and kanamycin were present in the
selection medium. Colonies that appeared on the selection medium were sub-
cultured once and tested for CDT production; all produced active CDT in the
HelLa cell assay. Plasmid DNAs of the expected size were isolated from all of
these isolates. In summary, these results confirm that the inability to make CDT
in the C. jejuni 81-176 cdt mutant was the result of the mutation in the cdt genes
and was not the result of polar effects on upstream or downstream coding
regions.

Construction of a recombinant-CDT-overproducing strain. The cdt genes
from C. jejuni 81-176 (29) were cloned into the expression vector pTrc99A (1) to
make the construct p7rc18CDT. The entire cdt coding region, as well as 696 bp
of upstream DNA and 654 bp of downstream DNA, was included in this con-
struct. The downstream DNA includes 181 noncoding base pairs immediately
following cdtC, as well as the first 473 nucleotides of the putative lcztP (lactate
permease) gene of C. jejuni (29). Immediately upstream of cdt4 are 102 non-
coding base pairs. Upstream of this noncoding region, and on the strand opposite
from that of the cdt genes, is a putative open reading frame (ORF) of 230
nucleotides with no homology to anything in GenBank, followed immediately by
a second ORF which appears to encode the large subunit of the C. jejuni
cytochrome d oxidase (26). Expression driven by the pTic tac promoter does not
transcribe these upstream genes, since they are on the opposite strand. Plasmid
pTrc18CDT, when it was transformed into E. coli DH5aMCR, produced active
CDT. (E. coli DH5SaMCR does not contain cdt genes and thus does not produce
CDT.) Isopropyl-B-p-thiogalactopyranoside (IPTG) increased CDT expression
40-fold over the level seen without IPTG, indicating that the p7rc tac promoter
was successfully driving expression of the cdr genes in this construct. Coupled
transcription-translation experiments indicated that the C. jejuni DNA in
pTrc18CDT produced apparently normal-sized CdtA, CdtB, and CdtC proteins;
the only other proteins seen in this system were vector encoded (26). It is clear
from both the mutant complementation described above and the construction of
additional clones (26) that the cdr genes are sufficient to produce active CDT; the
upstream and downstream ORFs do not appear to express products which are
involved in CDT production.

CDT preparations. CDT was prepared from C. jejuni 81-176 cells grown
overnight on brucella agar. The cells were harvested into 10 mM phosphate
buffer, pH 7.0, and subsequently lysed by two sequential passages through a
three-eighths-in.-diameter French pressure cell (1,000 Ib/in?). The lysate was
centrifuged at 3,600 X g to remove unbroken cells, and the supernatant fraction
was centrifuged at 267,000 X g at 4°C for 60 min to pellet membrane fragments.
The membranes were washed twice in 10 mM phosphate buffer, pH 7.0, by
incubation of suspended pellets at room temperature with gentle agitation for 30
min. After each wash, the material was recentrifuged at 267,000 X g at 20°C for
60 min. The extracts applied in all assays were aliquots of the supernatant
fraction from the first phosphate buffer wash. This partially purified preparation
typically contained 1 to 2.5 U of CDT activity per wl. A unit of CDT activity is
the reciprocal of the highest dilution of a preparation that causes 50 to 75% of
the HeLa cells in an assay well to become distended within 48 h (29). The extract
prepared from the cdt mutant derivative of C. jejuni 81-176 was prepared in an
analogous fashion, except that kanamycin was present in the agar medium. This
cdt mutant extract contained no detectable CDT activity in the HeLa cell assay
or in DNA content analysis. Twenty-five micrograms of both C. jejuni extracts
were added to 35-mm-diameter culture dishes for DNA content experiments.

Recombinant CDT from E. coli (pTrc18CDT) and the vector control extract
from E. coli (pTrc99A) were prepared as described for the C. jejuni extracts,
except that the cells were grown differently. The E. coli strains were grown
overnight in L broth supplemented with ampicillin. Induction of expression of
the cdt genes was accomplished by addition of IPTG to a final concentration of
1 mM. The extract from E. coli (pTrc18CDT) typically contained 5 to 10 U of
recombinant CDT activity per pl. The vector control extract, which was prepared
in a manner identical to that for the recombinant CDT extract, contained no
detectable CDT activity. Identical amounts of protein (40 g per 35-mm-diam-
eter dish; 6 ug per well of a chamber slide) from the two extracts were used in
the experiments described in this work. The vector control extract and the
recombinant CDT extract can be considered the same except for the fact that the
vector control extract contains no Cdt proteins.

DNA content analysis. For DNA content analysis, either 3.0 ml of 1.0 X 10°
HeLa cells per ml of medium or 3.0 ml of 1.9 X 10° Caco-2 cells per ml of
medium were seeded into 35-mm-diameter petri dishes. After 18 h of incubation,
CDT-containing preparations or appropriate control materials were added to the
dishes. Forty units of CDT activity from C. jejuni 81-176 was added per 35-mm-
diameter dish; 100 U of recombinant CDT activity from the overexpressing
E. coli strain was added per 35-mm-diameter dish. Control extracts, isolated from
either the C. jejuni cdt mutant derivative or the vector control strain, were added
in microgram amounts equal to those of their respective CDT-containing ex-
tracts. The dishes were then incubated for an additional 1, 2, or 3 days, after
which the HeLa cells were harvested and stained with propidium iodide and their
DNA contents were determined by flow cytometry (34). The means and standard
deviations for values from three separate experiments were calculated for all
DNA content experiments.

To determine whether washing CDT from the HeLa cells would reverse the
effect of CDT, either 3 ml of medium or 40 pg (100 U in 3 ml of medium) of the
recombinant CDT extract was added to nonconfluent, 18-h HeLa cells at time
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zero. At 20, 40, and 60 min after addition of CDT, the HeLa cell supernatant was
removed and the HeLa cells were then washed four times with fresh medium.
Twenty-four hours later, the HeLa cells were harvested and stained with pro-
pidium iodide and their DNA contents were analyzed by flow cytometry.

DNA content analysis experiments examining the effect of caffeine on CDT-
treated HeLa cells were carried out based on the protocols of Bartz et al. (3) and
Lock et al. (18). Etoposide was prepared (19) and used at a final concentration
of 50 pM (18); caffeine was used at final concentrations of 1, 2, and 4 mM.
Nonconfluent HeLa cells were treated with CDT and incubated for 18 h, after
which time caffeine was added and incubation continued for either 6 or 12 h.
Etoposide was added to nonconfluent HeLa cells for 1 h, after which the reagent
was removed and the cells were washed twice with fresh medium and then
reincubated for 16 h. Caffeine was then added, and incubation continued for 6 or
12 h.

Immunofluorescence. HeLa cells, in 400 pl of EMEM, were seeded at 1.6 X
10* cells per ml, into the chambers of eight-well chamber slides and incubated for
18 h at 37°C. The HeLa cells were then treated with either fresh medium (400
ul), vector control extracts (6 pg in 400 pl), or the recombinant CDT extract (6
ug containing 15 U of activity in 400 pl). One, 2, 3, or 4 days after additions, the
cells were washed with TBS-azide (10 mM Tris [pH 7.4], 200 mM NaCl, 1%
bovine serum albumin, 0.02% sodium azide), permeabilized with PEM-Triton
X-100 (100 mM PIPES [pH 6.8], 1 mM EGTA, 1 mM MgCl,, 0.1% Triton
X-100) for 1 min at 25°C, and then rapidly fixed in 3% paraformaldehyde in PEM
for 3 min at 25°C. Cells were then postfixed in —20°C methanol for 2 min and
washed twice with TBS-azide (1 min, 25°C). The cells were stained with a 1:100
dilution of the monoclonal anti-a-tubulin antibody DM1A (Sigma) and then with
a 1:500 dilution of Cy3-labeled anti-mouse immunoglobulin G (Jackson Immu-
noResearch, West Grove, Pa.). Antibodies were diluted in TBS-azide—1% bovine
serum albumin. Antibody incubations were for 30 min at 37°C and were followed
by three washes with TBS-azide. The cells were then stained with 4’,6-diamidino-
2-phenylindole (DAPI; 5 min in 0.7 pg of DAPI per ml in TBS), washed twice
with TBS-azide, air-dried, and mounted in mounting medium (TBS, 90% glyc-
erol, 0.1% p-phenylenediamine).

Western blot analysis of HeLa cell proteins. HeLa cells were grown for 18 h
in 35-mm-diameter dishes and then treated with either fresh EMEM, 40 g of
the vector control extract, or 40 pg of recombinant CDT extract. The cells were
reincubated for 1, 2, 3, or 4 days, after which they were harvested directly into
sodium dodecyl sulfate-lysis buffer (17). Fifty micrograms of total HeLa cell
proteins from each sample was separated on a sodium dodecyl sulfate-14%
polyacrylamide gel (20), and the gel was subsequently blotted onto Immobilon P
(Millipore, Bedford, Mass.). Blots were reacted with antibody and developed
with ProtoBlot IT AP (Promega, Madison, Wis.) according to the manufacturer’s
instructions. Anti-CDC2 antibody and anti-CDC2 phosphotyrosine antibody
were obtained from New England Biolabs (Beverly, Mass.).

RESULTS

CDT action on HeLa cells. When HeLa cells are treated with
CDT preparations, the cells do not undergo any dramatic
changes in gross morphology within the first 24 h. However, by
48 h after toxin addition, the cells are noticeably enlarged,
although they otherwise appear healthy. Careful observation of
the toxin-treated cells suggested that very few, if any, cells
appeared to be dividing 24 h after toxin treatment.

We therefore tested the ability of CDT to block cell cycle
progression by analyzing HeLa cell DNA content by flow cy-
tometry (34). Nonconfluent HeLa cells were treated either
with medium, with a CDT-containing extract from C. jejuni
81-176, or with an extract prepared from an isogenic cdt mu-
tant derivative of C. jejuni 81-176 (Table 1). HeLa cell DNA
content was analyzed at 24-h intervals after the additions. The
CDT-containing preparation from wild-type C. jejuni caused
64% of the HelLa cells to be in G,/M within 24 h, compared to
only 10% of the HeLa cells treated with an analogous prepa-
ration from the isogenic cdt mutant C. jejuni strain. Forty-eight
hours after addition of CDT, 97% of the HelLa cells were in
G,/M, while only 9% of the mutant extract-treated HeLa cells
were in G,/M. DNA content analysis of HeLa cells incubated
for up to 3 days continued to give the same result (Table 1),
although by the third day of incubation a small percentage of
the HeLa cells were rounded and appeared to be disintegrat-
ing.

A similar experiment was done with extracts prepared from
E. coli DH5aMCR containing either the expression vector
pTrc99A or a derivative of pTrc99A containing the C. jejuni



1936 WHITEHOUSE ET AL.

TABLE 1. DNA content analysis of HeLa cells treated with CDT

INFECT. IMMUN.

TABLE 2. Effects of washing on CDT action

Time after %" of HeLa cells in cell cycle phase:
addition Addition®
(h) Gy/G, S G,/M
24 Medium 603*+21 286*86 11.2*x6.7
C. jejuni 81-176 83*+14 278=*192 639 *18.1
C. jejuni cdt mutant  62.0 43 277*x68 103 =*55
48 Medium 68.5*+32 248 *35 6.8 *+04
C. jejuni 81-176 22+29 05x08 973x24
C. jejuni cdt mutant 643 £82 27.0=*2.6 8.6 = 5.7
72 Medium 679 =47 26.0*4.0 6.0 = 1.1
C. jejuni 81-176 1118 00x00 989*=18
C. jejuni cdt mutant 622 =*+79 247 +22 132*6.5

“ Additions consisted of either EMEM (medium), a CDT-containing extract
from wild-type C. jejuni 81-176, or a homologous extract from the cdt mutant
derivative of 81-176.

® Values are means =+ standard deviations.

cdtABC genes. Hela cells treated with medium alone or with
the vector control extract [from E. coli (pTrc99A)] had nearly
identical DNA content profiles (Fig. 1A and B, respectively).
However, by 24 h after addition of recombinant CDT, 95% of
the HeLa cells were in G,/M (Fig. 1C). Results for 48 and 72 h
were essentially identical; about 98% of the HeLa cells treated
with CDT remained in G,/M. Since it was easier to grow these
E. coli strains than the C. jejuni strains and since the recom-
binant-CDT preparation led to a greater percentage of HeLa
cells in G,/M within 24 h than the C. jejuni CDT preparation,
we chose to do the following experiments using the recombi-
nant preparation.

We performed experiments which indicated that washing the
Hel a cells, even as soon as 20 min after addition of CDT, did
not substantially reverse the effect of CDT (Table 2). In sum-
mary, the results from all of these DNA content experiments
indicated that CDT caused HeLa cells to become blocked in
their cell cycle so that they were unable to progress past G, or
early M phase.

CDT-mediated arrest is in G,. In order to determine
whether CDT arrests HeLa cells in G, or M phase, we exam-
ined the microtubule and chromatin organizations of CDT-
treated and control cells. HeLa cells were treated with me-
dium, the vector control extract, or the recombinant-CDT
extract and analyzed 1, 2, 3, or 4 days after treatment. Medium-
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%” of HeLa cells in cell cycle phase:

Treatment®
Go/G, S G,M
Not washed 0.1 +0.1 74 +6.5 92.5 £ 6.5
Washed at 60 min 26*+1.2 75+71 89.9 = 8.0
Washed at 40 min 58+1.9 10.0 = 4.8 842 + 6.4
Washed at 20 min 124 2.7 14.0 = 4.2 73.6 = 6.9
Medium control 572 +54 26.8 + 4.8 16.0 = 1.8

“ HeLa cells were treated with either recombinant CDT or EMEM (medium
control). Times reflect times after addition of CDT.
® Values are means * standard deviations.

and vector control extract-treated cells continued to divide,
showing 5 to 10% mitotic cells with condensed chromatin and
mitotic spindles (Fig. 2A and B). In contrast, CDT-treated cells
stopped dividing and, by day two, were comprised entirely of
cells with typical interphase microtubule arrays and decon-
densed chromatin (Fig. 2C and D). The day 2, CDT-treated
cells had enlarged to approximately twice the size of control
cells (Fig. 2, compare panels A and B to panels C and D).
CDT-treated cells continued to enlarge until they ultimately
disintegrated. The tubulin and chromatin staining patterns of
cells on days 3 and 4 revealed several types of aberrant mor-
phologies that may represent intermediates in the cell disinte-
gration process (Fig. 3). Cells of one class were rounded, gen-
erally had decondensed chromatin, and appeared to have
tubulin bundles predominantly adjacent to their nuclei, creat-
ing a ring appearance; 18% of the cells on both days 3 and 4
had this ring morphology (data not shown). Other rounded
cells contained an irregular distribution of chromatin and had
disorganized microtubules that appeared as slightly fuzzy balls
(Fig. 3A and B). Few of these cells were apparent on day 3, but
by day 4 they represented 28% of the cells (89 of 315 cells).
Cells of a less frequently occurring (2%) class were flat and
contained multiple fragmented nuclei on day 3 (Fig. 3C); by
day 4, 7% of the cells had this appearance. These cells con-
tained interphase microtubule arrays, and each nuclear frag-
ment was surrounded by cytoplasmic microtubules (Fig. 3D).
One percent of the cells on day 3 contained distorted spindle
structures resembling mitotic asters and irregular chromatin
(Fig. 3E and F), potentially representing cells that have tried to
overcome their G, arrest with an abnormal mitotic event. By
day 4, there were even fewer of these abnormal mitotic struc-
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FIG. 1. DNA contents of HeLa cells treated with CDT. (A) HeLa cells treated with EMEM; (B) HeLa cells treated with vector control extract; (C) HeLa cells
treated with recombinant extract containing 100 U of CDT activity. Twenty-four hours after addition of control medium or extracts, the HeLa cells were harvested and
their DNA contents were determined. Arrowheads indicate 2N and 4N DNA content.
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FIG. 2. HeLa cells treated with CDT are blocked in G,. (A and B) Vector control-treated cells; (C and D) recombinant CDT-treated cells; (A and C) DAPI staining;
(B and D) tubulin staining. The control-treated cells continued to divide, as was evidenced by the numerous mitotic cells shown in panels A and B. In contrast,
CDT-treated cells stopped dividing, enlarged, and were devoid of obvious mitotic cells. The size bar in panel D represents 31 wm; all photographs were taken at a

magnification of X63.

tures visible, suggesting that either the chromatin had decon-
densed or these cells were now completely disintegrated. Over-
all, these results clearly show that CDT treatment blocked cells
in G, phase, not in M phase. Furthermore, these data illustrate
the nuclear disintegration that appears to be associated with
HeLa cell death following CDT treatment.

Activation state of CDC2 in CDT-treated HeLa cells. Since
our results indicated that CDT caused a G,-phase block, we
tested whether CDC2, the catalytic subunit of the cyclin-de-
pendent kinase required for entry into M phase, is predomi-
nantly phosphorylated (inactive) or dephosphorylated (active)
in CDT-treated HeLa cells (10). Total HeLa cell proteins from
control and CDT-treated HeLa cells were reacted with anti-
CDC2 antiserum, and the results are shown in Fig. 4. The
slowest-migrating band in lanes 2 to 10 is fully phosphorylated
inactive CDC2 and is clearly predominant in the CDT-treated
HelLa cells (Fig. 4, lanes 4, 7, and 10). However, in the control
lanes, the fastest-migrating band, which is CDC2 that has been
dephosphorylated at both Tyr-15 and Thr-14, is the predomi-
nant band. An identical blot was reacted with an antibody to
CDC2-phosphorylated Tyr-15 and confirmed that the slowest-
migrating band was CDC2 phosphorylated at Tyr-15 (data not
shown). These results indicate that CDT caused the HeLa cells
to become blocked in G, due to some action that led to a
failure to dephosphorylate CDC2.

Effect of caffeine on the CDT-induced G, block. Methylxan-
thines, such as caffeine, have the ability to override a G, block
brought about by topoisomerase II inhibitors or by a variety of
agents which damage DNA. These agents all act through a

DNA damage checkpoint pathway which can lead to a G, cell
cycle block; therefore, it seemed possible that CDT acts on a
component of this pathway. To test this hypothesis, we tested
the ability of caffeine to abrogate the effect of CDT on HelLa
cells. We tested caffeine at the levels (1, 2, and 4 mM) reported
by Lock et al. (18) to have the ability to override a G, block
caused by the topoisomerase II inhibitor, etoposide. While all
three concentrations of caffeine clearly started to push etopo-
side-treated HeLa cells blocked in G, past the G,/M boundary,
caffeine had no effect on CDT-treated HeLa cells in repeated
experiments (data not shown).

Effect of CDT on Caco-2 cells. Since C. jejuni causes an
enteritis in humans, we tested whether CDT caused a similar
cell cycle block in Caco-2 cells, a cell line derived from human
intestinal epithelial cells (9). Our DNA content results showed
that CDT caused Caco-2 cells to become blocked in G, (Table
3), although it took almost 48 h for this effect to be seen in this
cell line, probably because the doubling time of these cells is
longer than that of HeLa cells.

DISCUSSION

Our results indicate that CDT is a novel bacterial toxin, with
an activity unlike that of any other known bacterial toxin. The
direct target of CDT action has not yet been identified, but the
ultimate effect of CDT is to cause a rapid and apparently
irreversible block in G,. There are a number of ways in which
CDT might cause HeLa cells to become blocked in G,. For
example, CDT might act directly on the CDC2 kinase or on
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FIG. 3. HelLa cells 72 h after treatment with CDT. All panels show HeLa cells treated with recombinant CDT. (A, C, and E) DAPI staining, (B, D, and F) tubulin
staining. The size bar in panel C represents 17 wm; all photographs were taken at a magnification of xX92.

proteins that interact directly with CDC2, such as the CDC25
phosphatase which carries out the reaction which activates
CDC2 for entry into mitosis (10). Additional proteins also
interact directly with CDC2, including the Wee-1 tyrosine ki-
nase, which phosphorylates CDC2 at Tyr-15 (10), and CKShs1
(p13), a protein which physically associates with CDC2 and
may help regulate CDC2 but whose function is not completely
understood (7, 30). Whether these or other cell cycle proteins
are targets of CDT remains to be determined.

Alternatively, CDT might act on a target that causes the
DNA damage checkpoint pathway to operate and thereby lead
to the observed block in G,. Our results indicating that caffeine

does not override the G, block caused by CDT, however,
suggest either that CDT does not cause the G, block via the
DNA damage checkpoint pathway or that CDT acts down-
stream of the point at which caffeine operates to override the
checkpoint.

Our results clearly document that although the CDT-treated
HeLa cells were able to grow for 2 to 3 days, they ultimately
died. The DAPI staining of CDT-treated HeLa cell chromatin
revealed the nuclear fragmentation and abnormal chromatin
condensation observed during the cell death period. Whether
any or all of the CDT-treated cells undergo apoptosis is the
subject of current research. However, the fragmented nuclei
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FIG. 4. CDT leads to accumulation of inactive CDC2. Shown is a Western
blot of total HeLa cell proteins isolated from cells treated with either fresh
medium (lanes 2, 5, and 8), the vector control extract (lanes 3, 6, and 9), or the
recombinant CDT extract (lanes 4, 7, and 10). Lane 1 contains a positive control
protein, a CDC2 fusion protein tagged with a hemagglutinin epitope, produced
by the baculovirus-Sf9 expression system (gift of Michael Mendenhall, University
of Kentucky, Lexington, Ky.). Lanes 2, 3, and 4 contain proteins from HeLa cells
harvested 24 h after treatment with medium, vector only extract, and recombi-
nant CDT, respectively. Lanes 5 through 10 represent total proteins from Hela
cells treated for 48 h (lanes 5, 6, and 7) and 72 h (lanes 8, 9, and 10).

resemble structures called micronuclei seen in fibroblasts in-
jected with p13 protein or anti-p13 antibodies (30). This sim-
ilarity between the results of CDT treatment and perturbation
of the function of p13, which binds to and regulates CDC2 (7),
suggests that loss of normal CDC2 function, or failure to timely
activate CDC2, ultimately causes CDT-induced cell death. It
may be then that CDT leads to cell death as a consequence of
disturbing the cell cycle.

The effect of CDT on Caco-2 cells confirms that CDT can
act on human cell lines which are derived from intestinal epi-
thelial cells. It will be of interest to determine the range of cell
types upon which CDT is active. It may be that CDT is limited
in its scope of activity by species boundaries or by cell type. It
is certainly likely that CDT affects only cells that are actively
proliferating, if indeed cell death results only after the G,
block is obtained.

Our results thus suggest a novel hypothesis for generation of
diarrheal disease by C. jejuni and other diarrheagenic bacteria
that make CDT. C. jejuni CDT is likely produced in proximity
to intestinal epithelial cells, particularly cells in the intestinal
crypts (35), and may cause these rapidly proliferating cells to
become blocked in G, and consequently no longer able to
divide and differentiate. Thus, CDT may have profound effects
upon the ability of the crypt cells to survive and/or mature into
functional villus epithelial cells and may therefore be respon-
sible for a temporary erosion of the villus erosion of the villus
epithelium and loss of absorptive functions (8, 14, 32).

Finally, our results confirm and extend the results of Comay-
ras et al. (5) which showed that CDTs from three different E.

TABLE 3. DNA content analysis of Caco-2 cells treated with CDT

Time after %" of Caco-2 cells in cell cycle phase:
addition Addition”
(h) Gy/G, S G,M
24 Medium 41.8 = 0.6 36.6 = 6.3 21.6 = 6.2
Vector 419 £0.8 378 6.9 203 £7.6
CDT 19.6 £ 4.2 443 = 6.4 36.1 = 10.6
48 Medium 48.0 = 2.6 37.8 = 6.1 142 £ 44
Vector 43.0 £3.4 43.7 = 8.0 133 =50
CDT 5.7*+26 46 =53 89.7 =79
72 Medium 53.1 =27 37114 9.8 = 1.5
Vector 44319 494+ 14 63 *=2.1
CDT 09=12 6.1 7.1 93.0 = 6.1

¢ Additions consisted of either RPMI 1640 (medium), an extract from the
vector control strain (vector), or the recombinant CDT extract (CDT).
 Values are means *+ standard deviations.
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coli isolates cause a G, block in HeLa cells. It seems likely that
all of the CDTs have similar modes of action, although given
the degree of variation in sequence of some of the Cdt sub-
units, there may be differences in specific activities, in sensitiv-
ities of different cell types, or in species sensitivities.
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